Plants continuously monitor environmental conditions (such as light and temperature) and adjust their growth and development accordingly. The transcription factor PHYTOCHROME-INTERACTING FACTOR4 (PIF4) regulates both light and temperature signaling pathways. Here, we identified ENHANCED PHOTOMORPHOGENIC2 (EPP2) as a new repressor of photomorphogenesis in red, far-red, and blue light. Map-based cloning revealed that EPP2 encodes the SEUSS (SEU) transcription regulator. The C terminus of SEU has transcriptional activation activity, and SEU physically interacts with PIF4. Moreover, SEU promotes the expression of many genes, including auxin biosynthetic and responsive genes, and regulates IAA levels in plants. SEU associates with the regulatory regions of INDOLE-3-ACETIC ACID INDUCIBLE6 (IAA6) and IAA19 in a PIF4-independent manner, whereas the binding of PIF4 to these genes requires SEU. Furthermore, mutations in SEU affect H3K4me3 methylation at IAA6 and IAA19, and SEU positively regulates warm temperaturemediated hypocotyl growth together with PIF4. Collectively, our results reveal that SEU acts as a central regulator integrating light and temperature signals to control plant growth by coordinating with PIF4.
INTRODUCTION
The sun supplies the light and heat required for life on Earth. Light and temperature are major environmental factors that affect plant distribution and survival and shape plant growth and development. As sessile organisms, plants have evolved a set of mechanisms to adjust their morphological and physiological characteristics in response to fluctuating light and temperature conditions. Elucidating the molecular mechanisms underlying the regulation of plant growth in response to light and temperature would provide insight into plant plasticity and adaptation in the context of climate change, which threatens biodiversity and crop productivity (Bellard et al., 2012; Challinor et al., 2014) .
In darkness, seeds of dicotyledonous plants such as Arabidopsis thaliana use stored energy and nutrients to germinate, and the seedlings develop elongated hypocotyls and closed cotyledons with an apical hook, a process termed skotomorphogenesis. Light triggers distinct photomorphogenic responses in seedlings, including the production of shortened hypocotyls and open, expanded cotyledons with functional chloroplasts (Chen et al., 2004) . Various types of photoreceptors, including the red/far-red light receptors phytochromes and the blue/UV-B light receptors cryptochromes, perceive light information and convey it to downstream components that in turn initiate physiological processes (Chen et al., 2004) . Genetic and molecular analyses have led to the identification of many signaling intermediates in photomorphogenic networks. PHYTOCHROME-INTERACTING FACTORs (PIFs, such as PIF1, PIF3, PIF4, and PIF5) are basic helix-loop-helix (bHLH) transcription factors that negatively and redundantly regulate photomorphogenesis (Leivar et al., 2008; Shin et al., 2009) . PIF proteins regulate red/far-red light signaling pathways by directly interacting with phytochromes (Leivar and Monte, 2014) . PIF4 was first identified as a repressor of phyB signaling (Huq and Quail, 2002) . Recent studies have shown that PIF4 and PIF5 physically interact with cryptochromes to regulate blue light signaling Padmale et al., 2016 ). An increasing body of evidence suggests that members of the PIF family play pivotal roles in regulating diverse aspects of plant growth and development (Leivar and Monte, 2014) .
Light and temperature antagonistically regulate plant stem growth; light inhibits hypocotyl elongation, whereas elevated ambient temperature promotes this process (Delker et al., 2014) . Intriguingly, the phyB photoreceptor also functions as a sensor that initiates responses to elevated ambient temperature (Jung et al., 2016; Legris et al., 2016) . The pif4 null mutant is insensitive to warm temperature-induced hypocotyl growth, pointing to an important role for PIF4 in thermomorphogenic responses (Koini et al., 2009; Stavang et al., 2009) . PIF4 is a central regulator of the ambient temperature signaling pathway and is subjected to transcriptional and post-translational control in Arabidopsis (Proveniers and van Zanten, 2012; Wigge, 2013; Quint et al., 2016) . For instance, the key light signaling components DE-ETIOLATED1 (DET1) and CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) promote thermosensory growth by stabilizing PIF4, while ELONGATED HYPOCOTYL5 (HY5) antagonizes PIF4 through competitive binding to its targets (Delker et al., 2014; Gangappa and Kumar, 2017) . EARLY FLOWERING 3 (ELF3), a component of the evening complex, controls high ambient temperature responses, likely by directly repressing PIF4 expression (Thines and Harmon, 2010; Box et al., 2015; Raschke et al., 2015) . PIF4 performs its pivotal role by orchestrating transcriptional changes in downstream phytohormone-induced genes (such as YUCCA 8 [YUC8] , TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1, and CYP79B2) that in turn regulate hypocotyl growth (Stavang et al., 2009; Franklin et al., 2011; Oh et al., 2012; Sun et al., 2012; Zhu et al., 2016) . However, the molecular mechanism by which PIF4 integrates light and temperature signaling and controls downstream gene activation is not well understood.
In this study, we identified ENHANCED PHOTOMORPHOGENIC2 (EPP2) as a novel regulator of photomorphogenesis and thermomorphogenesis. Map-based cloning revealed that EPP2 encodes SEUSS (SEU), which has two glutamine-rich domains and a highly conserved domain that shares sequence similarity with the dimerization domain of the LIM-domain-binding (LDB) transcriptional co-regulator in animals (Franks et al., 2002) . SEU has transcriptional activation activity and physically interacts with PIF4. SEU and PIF4 co-regulate many downstream genes, including genes involved in auxin biosynthesis and signaling. Our study reveals the molecular mechanism by which SEU coordinates with PIF4 to activate the transcription of target genes, thereby controlling plant growth in response to light and temperature cues.
RESULTS

Enhanced Photomorphogenic Responses in epp2
The enhanced photomorphogenic2 (epp2) mutant was identified in a forward genetic screen for Arabidopsis seedlings with enhanced photomorphogenic responses under red light; this screen was aimed at identifying potential new components of the light signaling pathway . The epp2 mutant had shorter hypocotyls than Columbia-0 (Col) wild-type under a series of continuous red, far-red, blue, and white light intensities (Figure 1A and 1B; Supplemental Figure 1) . Although the hypocotyl length of epp2 was similar to that of Col in darkness, epp2 developed curly hypocotyls ( Figure 1A ) with reduced cell length and cell number ( Figure 1C and 1D ), suggesting that EPP2 regulates both cell division and cell elongation. In addition, epp2 cotyledons were larger than those of Col under red light ( Figure 1E ). Interestingly, epp2 cotyledons were slightly open, and the seedlings failed to form an apical hook ( Figure 1F ). Two light-induced marker genes, CHALCONE SYNTHASE (CHS) and PHOTOSYSTEM I LIGHT HARVESTING COMPLEX GENE6 (LHCA6), were upregulated in epp2 in darkness and after light exposure ( Figure 1G and 1H ). These observations suggest that EPP2 is a negative regulator of photomorphogenesis under red, far-red, and blue light conditions. Next, we crossed epp2 with the photoreceptor mutants phyB-9, phyA-211, and cry1-304. The phyB epp2, phyA epp2, and cry1 epp2 double mutants had shorter hypocotyls than the single photoreceptor mutants under red, far-red, and blue light conditions, respectively (Supplemental Figure 2A ). In addition, adult epp2 plants were shorter than Col wild-type plants when grown under long-day conditions (Supplemental Figure 2B ). COP1 is a central repressor in the light signaling pathway (Lau and Deng, 2012) . We therefore generated a cop1 epp2 double mutant via crossing to examine the genetic relationship between COP1 and EPP2. Adult cop1 epp2 plants were extremely dwarfed without viable seeds and were much smaller than the cop1-4 single mutant ( Figure 1I ), indicating that EPP2 likely functions in a pathway independent of COP1 and that these two proteins additively regulate plant growth and development.
EPP2 Encodes SEUSS, a Transcriptional Regulator
The epp2 mutant was screened from a pool of T-DNA insertion lines (CS20940) obtained from the Arabidopsis Biological Resource Center (ABRC). Genetic analysis revealed that the photomorphogenic phenotype of epp2 is controlled by a single recessive nuclear gene, as the ratio of plants with normal hypocotyls to short hypocotyls was 328:98 (approximately 3:1). We attempted to isolate the T-DNA flanking sequence using thermal asymmetric interlaced PCR but failed to obtain a sequence. To isolate the mutant gene, we outcrossed epp2 to Arabidopsis ecotype Landsberg erecta (Ler) plants and self-pollinated the F1 progeny to generate an F2 mapping population. Through bulked segregant analysis of 120 F2 mutants the epp2 locus was roughly mapped to a region between the simple sequencelength polymorphism (SSLP) markers F7F22 and T12C22 on chromosome 1. Fine mapping using 2215 F2 mutant plants further narrowed down the epp2 locus to a 204-kb genomic region between markers F28H19 and F9C16 (Figure 2A ). According to the Arabidopsis genome annotation project database (TAIR), this region contains nearly 43 loci, including protein-coding genes, transposable elements, and pseudogenes ( Figure 2A ). We designed PCR primers to amplify the coding sequences of these genes. Surprisingly, only the open reading frame of At1g43850 could not be amplified from epp2. Next, we used multiple primer pairs covering different regions of At1g43850 for detailed PCR genotyping (Figure 2A ). The sizes of the M1, M2, and M3 fragments amplified from epp2 were similar to those from Col, whereas the M4 and M0 fragments could not be amplified from epp2 ( Figure 2B ). The M5 fragment from epp2 was shorter than that from Col, and the M6 fragment from epp2 was much shorter than that from Col ( Figure 2B ). Sequencing of the M5 and M6 fragments revealed that a 1773-bp region containing the promoter, 5 0 UTR, and 43-bp of coding sequence from At1g43850 was deleted in the epp2 mutant ( Figure 2A ). At1g43850 encodes SEUSS (SEU), a transcriptional co-regulator with AGAMOUS (AG) that functions in floral development (Franks et al., 2002) . In qRT-PCR experiments SEU transcripts were barely detectable in epp2 ( Figure 2C ).
To verify that the mutant phenotypes of epp2 are caused by a mutation in SEU, we obtained another seu allele, seu-4 (Salk_069303), from the ABRC. seu-4 is a knockdown mutant and, like epp2, has reduced hypocotyl elongation and enlarged cotyledons under red, far-red, and blue light conditions, ( Figure 2C-2E ). We then generated transgenic lines expressing the SEU open reading frame fused with GFP driven by its own promoter (pSEU:SEU-GFP) in the epp2 background. Analysis of multiple transgenic lines showed that pSEU:SEU-GFP complemented the hypocotyl and cotyledon phenotypes of epp2 ( Figure 2F and 2G). We produced a SEU antibody, which recognized an endogenous protein of approximately 95-kDa in Col, but not in epp2 ( Figure 2F ), suggesting that the antibody is specific to SEU. These results confirm that EPP2 indeed encodes SEU; therefore, EPP2 is referred to hereafter as SEU, and epp2 was renamed seu-6. We also introduced SEUp:SEU-GFP into the Col background. Multiple lines (#1 and #13) displayed short hypocotyls under red light due to cosuppression of SEU (Supplemental Figure 3) . However, lines #17 and #26 did not show any obvious phenotypes under the light conditions tested (Supplemental Figure 3) .
SEU Has Intrinsic Transcriptional Activation Activity
Previous studies have suggested that SEU and LEUING (LUG) are transcriptional co-repressors that regulate gene expression (Franks et al., 2002; Sridhar et al., 2004 Sridhar et al., , 2006 Gregis et al., 2006; Grigorova et al., 2011) . We therefore tested the transcriptional activity of three truncated SEU proteins: F1 (amino acids [aa] 1-322), F2 (aa 323-569, containing the LDB domain), and F3 (aa 570-877) ( Figure 3A ). Full-length SEU and the truncated proteins were fused with the LexA DNA-binding domain and co-transformed with the LexAop:LacZ reporter gene into yeast cells. As shown in Figure 3B , LexA-SEU weakly induced LacZ expression, whereas LexA-F1 and LexA-F2 failed to activate LacZ expression. Intriguingly, LexA-F3 strongly activated the LacZ reporter gene. (G and H) Light-responsive expression of LHCA6 (G) and CHS (H). Col and epp2 seedlings were grown in darkness for 4 days and exposed to white light for various periods of time. Data are means ± SD, n = 3. Asterisks indicate significant differences compared to the corresponding Col wild-type using Student's t-test (**P < 0.01).
(I) Phenotype of cop1 epp2 double mutant plants grown under long-day conditions for 6 weeks. Scale bar, 2 cm. 
SEU Integrates Light and Temperature Responses
Next, we fused SEU and each truncated protein with the VP16 activation domain and assessed the transcriptional activity using a transient luciferase (LUC) expression system in Arabidopsis protoplasts ( Figure 3C ; Jing et al., 2013) . As shown in Figure 3D , full-length SEU (fused with the GAL4 DNA-binding domain) repressed the transcription of the GAL4p:LUC reporter. VP16 alone drastically activated LUC expression, but expression was significantly inhibited by SEU-VP16. Furthermore, F1-VP16 did not affect LUC activity, whereas F2-VP16 repressed LUC expression to a level similar to that observed for SEU-VP16. Importantly, F3-VP16 strongly increased LUC expression. These findings indicate that although full-length SEU protein has transcriptional repressor activity, its C-terminal region can activate gene expression. Consistent with the physiological roles of SEU in regulating hypocotyl elongation and cotyledon expansion and its molecular role in transcriptional regulation, SEU-GFP fusion proteins (SEUp:SEU-GFP) localized to the nucleus in hypocotyl and cotyledon cells (Supplemental Figure 4) .
SEU Physically Interacts with PIF4
PIF proteins are key transcription factors that repress photomorphogenesis (Leivar and Monte, 2014) . We therefore investigated whether SEU directly interacts with PIF proteins, including PIF1, PIF3, PIF4, and PIF5 (Leivar et al., 2008) . We fused SEU with the LexA DNA-binding domain and fused the PIF proteins with the B42 activation domain (AD). In yeast two-hybrid assays LexA-SEU strongly interacted with AD-PIF4 and AD-PIF3, but not with the other AD-PIFs ( Figure 4A ). We then focused on the interaction between the truncated SEU proteins and PIF4. LexA-SEU interacted with the C-terminal region of PIF4, which contains the bHLH domain (AD-PIF4-C), but not with its N terminus (AD-PIF4-N) ( Figure 4B ). The truncated SEU proteins F1 and F2 did not interact with AD-PIF4 ( Figure 4B ). Because the SEU F3 truncation has transcriptional activation activity, we could not determine whether F3 interacts with PIF4.
Next, we carried out semi-in vitro pull-down and coimmunoprecipitation assays to verify the PIF4-SEU interaction. First, the 35S:GFP and 35S:PIF4-GFP plasmids were co-infiltrated into Nicotiana benthamiana leaves. The transiently expressed proteins were extracted and incubated with Escherichia coli-expressed MBP-FLAG-SEU recombinant proteins. PIF4-GFP, but not GFP itself, was able to pull down MBP-FLAG-SEU proteins ( Figure 4C ). Second, 35S:SEU-nLUC was co-infiltrated with 35S:GFP and 35S:PIF4-GFP into N. benthamiana leaves, and total plant proteins were extracted. After immunoprecipitation with GFP antibody linked with agarose beads, the SEU-nLUC fusion protein was pulled down in samples co-expressing PIF4-GFP, but not GFP alone ( Figure 4D ). These results indicate that SEU indeed interacts with PIF4.
Transcriptome Analysis of Genes Regulated by SEU and PIF4
We produced transgenic plants expressing the b-glucuronidase (GUS) reporter gene under the control of the SEU promoter (SEUp:GUS). GUS was constitutively expressed in whole seedlings under both light and dark conditions (Supplemental Figure 5A ). qRT-PCR showed that SEU transcript levels did not significantly differ during the dark-to-light transition (Supplemental Figure 5B) . Furthermore, SEU expression was not affected by P mutations in the PhyA, PhyB, and CRY1 photoreceptor under far-red, red, or blue light conditions, respectively (Supplemental Figure 5C ).
To investigate how SEU regulates photomorphogenesis, we compared global transcriptome changes between Col and seu-6 using RNA sequencing (RNA-seq). Genes with more than 1.5-fold change in expression (P < 0.05) were considered to be differentially expressed. Under red light, 1188 genes were upregulated and 1254 genes were downregulated in seu-6 versus wild-type (Supplemental Dataset 1). Gene ontology (GO) analysis revealed that the genes upregulated in seu-6 (SEU-repressed) are mostly involved in metabolic and biosynthetic processes and function in the chloroplast and ribosome, whereas the downregulated genes (SEU-induced) are largely involved in cell-cell junction assembly, oxidation-reduction processes, and cell wall biogenesis and function in the membrane (Supplemental Figure 6 ). Intriguingly, of the genes involved in the auxin biosynthetic or signaling pathway 66 were downregulated while 18 were upregulated in the seu-6 mutant versus wild-type. We confirmed the expression patterns of several genes by qRT-PCR (Supplemental Figure 7) . Consistent with the reduced expression of auxin biosynthetic genes, seu-6 seedlings had lower levels of indole-3-acetic acid (IAA) than Col wild-type plants ( Figure 5A ). Furthermore, seu-6 exhibited reduced expression of the DR5:GUS reporter compared with wild-type ( Figure 5B ).
We also compared global transcriptome changes between Col and pif4 grown under red light conditions, finding that 936 genes were upregulated and 731 genes were downregulated in pif4 versus wild-type (Supplemental Dataset 1). Moreover, 684 genes were co-regulated by both SEU and PIF4 ( Figure 5C ). Among these, 297 genes were induced and 322 genes were repressed by both SEU and PIF4 ( Figure 5D and 5E). Strikingly, 145 genes were direct targets of PIF4 ( Figure 5C ; Oh et al., 2012 ) and a number of auxin biosynthetic or responsive genes were co-regulated by SEU and PIF4 ( Figure 5F ). These results suggest that SEU and PIF4 may have both distinct and overlapping roles in regulating downstream gene expression. 
SEU and PIF4 Coordinately Regulate the Expression of Auxin-Responsive Genes
To investigate the genetic relationship between SEU and PIF4, we introduced the pif4 mutation and PIF4 overexpression construct (35S:PIF4-GFP) into the seu-6 mutant background via crossing. The seu pif4 double mutant had much shorter IAA29 , and YUC8 were lower in pif4 and seu-6 than in wild-type, and the expression levels of these genes were even lower in the seu pif4 double mutant ( Figure 6C ). These results suggest that SEU and PIF4 have both overlapping and distinct roles in regulating photomorphogenesis and that the function of PIF4 is largely dependent on SEU.
Next, we performed chromatin immunoprecipitation using an anti-GFP antibody followed by qPCR (ChIP-qPCR) to determine whether SEU associates with different regulatory regions of IAA19 and YUC8 ( Figure 6D ). The promoter fragments containing the G box, E box, or ACE element (a and b in IAA19; d and e in YUC8) were relatively enriched in the seu/ SEUp:SEU-GFP samples compared with the seu-6 samples, but no enrichment of the distal upstream regions (c in IAA19 and f in YUC8) and the UBQ10 negative control was observed ( Figure 6E) . Surprisingly, the enrichment of the a, b, d, and e fragments was not altered or even increased in the pif4 mutant background ( Figure 6E ), indicating that PIF4 does not affect the binding of SEU to its target genes. In addition, the levels of the active histone mark trimethylation of lysine 4 of histone 3 (H3K4me3) in the chromatin regions of IAA19 (a and b) and YUC8 (d-f) were much lower in the seu-6 mutant than in wild-type ( Figure 6F ). PIF4 was previously found to bind to the IAA19 and YUC8 promoters . However, the association of PIF4 with the promoter fragments of IAA19 (a and b) and YUC8 (d and e) was significantly lower in the seu-6/35S:PIF4-GFP samples compared with the 35S:PIF4-GFP samples precipitated using the GFP antibody ( Figure 6G ), suggesting that SEU is required for the association of PIF4 with the chromatin of its target genes. 
SEU Regulates Thermosensory Hypocotyl Elongation
Since SEU and PIF4 co-regulate downstream gene expression and PIF4 is a central player in the temperature-mediated signaling pathway (Quint et al., 2016) , we investigated whether SEU is also involved in regulating the response to elevated temperature in seedlings. Col, seu-6, and pif4 were grown under continuous white light at 22 C or 28 C for 5 days. Compared with the 22 C treatment, exposure to 28 C drastically promoted hypocotyl growth in the wild-type, as previously reported (Koini et al., 2009 ). However, hypocotyl elongation of the seu-6 mutant was largely inhibited at 28 C in a manner similar to that of pif4 ( Figure 7A and 7B) . The hypocotyls of seu pif4 were even shorter than those of both parental mutants ( Figure 7A and 7B). We obtained similar results when seedlings were grown at 22 C for 4 days and transferred to 28 C for an additional 3 days ( Figure 7C and 7D) .
Next, we investigated the expression of several auxin biosynthetic and auxin-responsive genes. As previously reported, the expression of IAA19, IAA29, and YUC8 was strongly increased in response to warm temperature (28 C) treatment for up to 4 h ( Figure 7E ; Koini et al., 2009; Sun et al., 2012) . Importantly, IAA19, IAA29, and YUC8 expression was drastically reduced in the seu-6 and pif4 mutants and even further reduced in the seu pif4 double mutant compared with the wild-type ( Figure 7E ). Taken together, these results suggest that SEU positively regulates temperature-mediated hypocotyl elongation in conjunction with PIF4. (G) ChIP-PCR assay using anti-GFP antibody. For (C) and (E-G), seedlings were grown in red light for 5 days. Data are means ± SD, n = 3. Asterisks indicate significant differences based on Student's t-test (**P < 0.01, *P < 0.05).
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SEU Integrates Light and Temperature Responses
DISCUSSION
SEU is a homolog of animal LDB proteins. LDBs were first identified in a screen for nuclear proteins that bind to the LIM domain, and they bring transcription factors together to form high-order activation complexes in animal cells (Agulnick et al., 1996; Jurata and Gill, 1997) . SEU and LUG form a transcriptional corepressor complex that regulates various aspects of plant development. For example, SEU and LUG negatively regulate the expression of the floral homeotic gene AG and miR172 in the floral meristem (Franks et al., 2002; Sridhar et al., 2004 Sridhar et al., , 2006 Grigorova et al., 2011) . However, we found that although full-length SEU can repress gene expression, its C-terminal region possesses strong transcriptional activation activity (Figure 3) . We showed that SEU is able to associate with the promoters of downstream genes (e.g., IAA19 and YUC8) and activate their expression ( Figure 6 ). SEU also activates the expression of SHORT-ROOT (SHR), SCARECROW (SCR), and SCARECROW-LIKE3 to control middle cortex formation in the root endodermis (Gong et al., 2016) . SEU might activate gene expression via its C-terminal AD, and further studies are required to prove such activity. SEU likely functions in activation or repression in different processes depending on its interacting partners.
Although SEU does not appear to possess a recognizable DNAbinding motif, our ChIP data suggest that SEU is recruited to specific promoter regions of IAA19 and YUC8 (Figure 6 ). SEU also associates with cis-regulatory elements located in AG, miR172, SHR, and SCR (Sridhar et al., 2006; Grigorova et al., 2011; Gong et al., 2016) . SEU is thought to act as an adapter protein that bridges interactions between the LEUNIG (LUG) co-repressor and transcription factors (Sridhar et al., 2004) . The transcription factor BASIC PENTACYSTEINE one interacts with SHORT VEGETATIVE PHASE and SEU and recruits the SEU-LUG complex to the SEEDSTICK promoter (Simonini et al., 2012) . Similarly, in animals, Ldb1 is a multiadaptor protein that mediates interactions between different classes of transcription factors and their co-regulators; the nature of these complexes determines cell fate and differentiation (Matthews and Visvader, 2003) . Thus, SEU is recruited to the genomic regions of target genes through interactions with specific transcription factors and acts as either a transcriptional co-activator or co-repressor together with other cofactors to control downstream gene expression. Surprisingly, recruitment of SEU to the IAA19 and YUC8 promoters is not affected by the PIF4 mutation ( Figure 6E ), suggesting that SEU interacts with other transcription factors to regulate auxin-responsive genes.
During the past few decades photomorphogenesis has been extensively studied, and two main branches of the light signaling pathway in Arabidopsis, mediated by COP1-ELONGATED HYPOCOTYL5 (COP1-HY5) and PIFs, have been proposed (Lau and Deng, 2010) . The transcription factor PIF4 is a negative regulator in the phyB-mediated red light signaling pathway (Huq and Quail, 2002) . Since the identification of PIF4 as a key regulator of ambient temperature signaling 8 years ago, an increasing number of studies have focused on the regulation of thermomorphogenesis (Koini et al., 2009; Quint et al., 2016) . PIF4 is thought to function as a signaling hub that integrates both light-and temperature-mediated responses (Proveniers and van Zanten, 2012; Quint et al., 2016) . Previous studies have focused on the roles of SEU in regulating vegetative and reproductive development (Franks et al., 2002; Pfluger and Zambryski, 2004; Sridhar et al., 2006; Azhakanandam et al., 2008; Bao et al., 2010; Nole-Wilson et al., 2010; Wynn et al., 2014; Lee et al., 2014; Gong et al., 2016 ). In the current study, we identified a novel function for SEU in modulating plant growth in response to light and temperature stimuli. The strong phenotypes of the seu-6 mutant under light and elevated temperature conditions indicate that SEU, like PIF4, is a universal, critical factor that controls both photo-and thermomorphogenesis.
PIF4 interacts with a number of proteins and is primarily subjected to post-translational regulation. For instance, interaction with phyB results in the phosphorylation (and subsequent ubiquitination and degradation) of PIF4 in the light . However, COP1 promotes temperature-responsive growth by stabilizing PIF4 (Gangappa and Kumar, 2017) . Moreover, several transcription factors/regulators interfere with or prevent PIF4 from binding to its targets (de Lucas et al., 2008; Hornitschek et al., 2009; Hao et al., 2012; Toledo-Ortiz et al., 2014; Nieto et al., 2015; Gangappa and Kumar, 2017) . In addition, some factors, such as CRY1 and TIMING OF CAB EXPRESSION1, inhibit the transcriptional activity of PIF4 Zhu et al., 2016) . Our study revealed a new molecular mechanism underlying the regulation of transcriptional activity by PIF4. Most importantly, we showed that SEU physically interacts with PIF4 (Figure 4) . Mutations in PIF4 and SEU similarly affect gene expression, including the expression of genes involved in auxin biosynthesis and signaling. PIF4 is known to bind to the promoters of a subset of these genes ( Figure 5) . Moreover, the binding of PIF4 to the genomic regions of two target genes, IAA19 and YUC8, requires SEU ( Figure 6G ). Even though overexpression of PIF4 was sufficient to repress photomorphogenesis, this activity was (C) Phenotypes of seedlings grown at 22 C for 4 days, followed by 22 C or 28 C for an additional 3 days. Scale bars, 2 mm.
(D) Hypocotyl length of seedlings shown in (C). Data are means ± SD, n = 20. Asterisks indicate significant differences from Col based on Student's t-test (**P < 0.01).
(E) qRT-PCR of IAA19, IAA29, and YUC8 after the 28 C treatment. Data are means ± SD, n = 3. Asterisks indicate significant differences from Col based on Student's t-test (**P < 0.01).
(F) A proposed working model for the coordinated regulation of light and temperature signaling pathways by SEU and PIF4. The SEU transcriptional co-activator physically interacts with PIF4 and promotes its binding to the promoter of auxin biosynthetic and signaling genes (such as IAA19 and YUC8), leading to subsequent gene activation and hypocotyl elongation. Red light triggers while warm temperature represses the active form (Pfr) of the phyB photoreceptor, which regulates SEU and PIF4. Arrow, activate; bar, repress. Dashed bar indicates unknown mechanism.
largely diminished by the presence of the seu-6 mutation, which does not affect PIF4 protein levels (Supplemental Figure 8) . Although PIF4 exhibits transcriptional activation activity Dalton et al., 2016) , our results suggest that the coactivator SEU promotes both the binding and activation activities of PIF4 to induce gene expression and cell growth. Interestingly, the levels of H3K4me3 in IAA19 and YUC8 chromatin were lower in the seu mutant than in wild-type, which is consistent with the reduced expression of these genes ( Figure 6C and 6F) , indicating that the regulation of target genes by SEU involves epigenetic histone modification of chromatin.
In summary, in this study we identified SEU as a novel and crosstalk component that plays dual roles in photo-and thermomorphogenesis. SEU coordinates with PIF4 to activate auxin biosynthetic and responsive gene expression and, subsequently, hypocotyl elongation, thereby functioning as a central integrator of external light and temperature cues to trigger plant growth ( Figure 7F ). Whereas PIF4 plays a role in red light signaling, SEU also negatively regulates far-red and blue light responses, suggesting that SEU has broad effects on seedling photomorphogenesis and might interact with additional transcription factors.
METHODS Plant Materials, Growth Conditions, and Phenotypic Analyses
The seu-4 (Salk_069303), pif4-1 (Salk_140393C), phyA-211, phyB-9, cry1-304, and cop1-4 mutants are in the Col ecotype background (Pfluger and Zambryski, 2004; Jing et al., 2013) . The epp2 (seu-6) mutant was screened from a T-DNA insertion pool (ABRC,CS20940) and is in the Col ecotype background. Seeds were sterilized, sown on 13 Murashige and Skoog (MS) medium (Phyto Technology Laboratories) supplemented with 1% sucrose and 0.8% agar (Sigma), and incubated at 4 C in darkness for 3 days. For the photomorphogenesis experiments, the seedlings were grown in darkness or under continuous far-red (12 mmol m À2 s À1 ), red
), or blue (10 mmol m À2 s
À1
) light for 5 days or as indicated. For thermomorphogenic treatments, the seedlings were grown under continuous white light (50 mmol m À2 s À1 ) at 22 C or 28 C for 5 days, or at 22 C for 4 days and transferred to 28 C or maintained at 22 C for an additional 3 days. All light was supplied by light-emitting diodes. For examination of hypocotyl phenotypes, the seedlings were placed on MS plates and photographed with a digital camera (Olympus). Cell length and cell number were determined by observing seedlings under a microscope. Hypocotyl length, cell length, and cotyledon area were measured using NIH ImageJ software (http://rsbweb.nih.gov/ij/).
Map-Based Cloning
The epp2 mutant (Col background) was crossed with the ecotype Ler and the F1 progeny were self-pollinated to generate an F2 mapping population. SSLP markers were designed according to The Arabidopsis Information Resource website (http://www.Arabidopsis.org). Bulked segregant analysis was carried out to determine the genetic linkage between epp2 and SSLP markers. Fine mapping was performed using an F2 population of 2215 individuals. Deletions in epp2 were identified by PCR amplification and sequencing using primers listed in Supplemental Table 1 .
Plasmid Construction
The regulatory or coding sequences of genes were amplified using highfidelity Pfu DNA polymerase (Invitrogen) from Col genomic DNA or cDNA, respectively. The 1.8-kb sequence of SEU upstream of the translational start codon was cloned into the pEASY-Blunt vector (TransGen), generating pEASY-SEUp. The coding sequences of SEU, PIF4, and PIF5 were cloned into pEASY-Blunt to generate pEASY-SEUv1, pEASY-PIF4, and pEASY-PIF5, respectively. For facilitatation of follow-up cloning, an MfeI site within the SEU coding region that did not result in an amino acid change was introduced using the Fast Mutagenesis System Kit (TransGen). The appropriate restriction sites were introduced into both ends of SEU by PCR; the resulting plasmids were designated pEASY-SEUv2 (MfeI/KpnI and XhoI), pEASY-SEUv3 (MfeI and XhoI), and pEASY-SEUv4 (SalI and ApaI), respectively. The F1 (1-966 bp), F2 (967-1707 bp), and F3 (1708-2631 bp) fragments of SEU were amplified using the pEASY-SEUv2 plasmid as template and cloned into pEASYBlunt, resulting in pEASY-F1/F2/F3, respectively. The N-terminal region of SEU (1-486 bp) was amplified from pEASY-SEUv2 and inserted into pEASY-Blunt to give rise to pEASY-SEU-N. The N terminus (1-660 bp) and C terminus (661-1290 bp) of PIF4 were ligated into pEASY to produce pEASY-PIF4-N and pEASY-PIF4-C, respectively. All amplified sequences were verified by sequencing.
The full-length, F1, F2, and F3 fragments of SEU were released from the corresponding vectors using MfeI and XhoI and cloned into the EcoRIXhoI sites of the pLexA vector (Clontech), generating pLexA-SEU/F1/F2/ F3, respectively. Full-length PIF4, PIF4 fragments, and full-length PIF5 were released from the corresponding pEASY vectors and cloned into the EcoRI-XhoI sites of the pB42AD vector (Clontech) to generate pAD-PIF4/PIF4-N/PIF4-C/PIF5, respectively. The pAD-PIF1 and pAD-PIF3 plasmids were described previously (Zhang et al., 2017) .
Full-length SEU was released from pEASY-SEUv2 (digested with MfeI and XhoI) and ligated into the EcoRI-SalI sites of pGAL4BD and pGAL4BD-VP16 to generate BD-SEU and BD-SEU-VP16, respectively. SEU was released from pEASY-SEUv2 (digested with KpnI and XhoI) and ligated into the KpnI-SalI sites of pUC19-nLUC to generate 35S:SEU-nLUC. The F1, F2, and F3 fragments were released from the corresponding pEASY plasmids (digested with MfeI and XhoI) and inserted into the EcoRI-SalI sites of pGAL4BD-VP16, resulting in BD-F1-VP16, BD-F2-VP16, and BD-F3-VP16, respectively. The SEU N-terminal fragment was released from pEASY-SEU-N (digested with MfeI and XhoI) and cloned into the EcoRI-SalI sites of pCold-TF (Takara), resulting in pCold-SEU-N. The SEU coding sequence was released from pEASY-SEUv3 (cut with MfeI and XhoI) and inserted into the EcoRI-XhoI sites of the pMAL-C2-MBP-FLAG vector, resulting in MBP-FLAG-SEU.
The promoter and 5 0 UTR sequence of SEU were released from pEASYSEUp (digested with SalI and BamHI) and ligated into the SalI-BamHI sites of the pBI101 vector (Takara) to generate SEUp:GUS. The SEU regulatory sequence was released from pEASY-SEUp (digested with MfeI and SalI) and ligated into the EcoRI-SalI sites of p1302-NOSp-HYN-GFP to generate SEUp:GFP. Full-length SEU was released from pEASY-SEUv4 (digested with SalI and ApaI) and ligated into the SalIApaI sites of SEUp:GFP to generate the SEUp:SEU-GFP binary vector. PIF4 was released from pEASY-PIF4 (digested with EcoRI and SalI) and cloned into the EcoRI-SalI sites of pRI-GFP, producing 35S: PIF4-GFP.
The binary constructs were electroporated into Agrobacterium tumefaciens strain GV3101 and introduced into the wild-type or seu-6 mutant via the floral dip method (Clough and Bent, 1998) . Transgenic plants were selected on MS plates in the presence of kanamycin, hygromycin, or Basta. Homozygous lines were used in the experiments.
qRT-PCR
Total RNA was isolated from plants using the Universal Plant Total RNA Extraction Kit (BioTeke). First-strand cDNA was synthesized using oligo d(T) and reverse transcriptase (Invitrogen). qPCR was performed using SYBR Premix ExTaq Kit (Takara) in a LightCycler 480 (Roche) according to the manufacturers' instructions. Three technical replicates were carried out, and the expression levels were normalized to those of the Actin gene.
Each assay was performed at least three times with similar results, and one representative result is shown.
RNA-Seq Analysis
Col wild-type, seu-6, and pif4 mutant seedlings were grown in continuous red light for 5 days before sampling. Each genotype was analyzed three times. RNA-seq analysis was conducted as previously described (Zhang et al., 2017) . Genes with more than 1.5-fold change in expression and P < 0.05 were considered to be differentially expressed genes. The Venn diagram (drawn using Venny2.1.0) shows the overlap between SEU-regulated and PIF4-regulated/PIF4-target genes . Hierarchical clustering of the co-regulated genes was performed using the hclust function of the R package Stats and Heatmap (Becker et al., 1988) . GO enrichment was determined using agriGO as described by Du et al. (2010) and the R package Heatmap (Becker et al., 1988) .
Yeast One-and Two-Hybrid Assays
For the yeast one-hybrid assay, various LexA-fusion constructs were cotransformed with LexAop:LacZ (Clontech) reporter plasmids into yeast strain EGY48. Transformants were grown on SD/-Trp-Ura dropout plates containing X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) for blue color visualization. For yeast two-hybrid analysis, the AD-fusion constructs were transformed into strain Ym4271, and the LexA-fusion plasmids were co-transformed with LexAop:LacZ into strain EGY48. After mating, the transformants were grown on SD/-Trp-Ura-His dropout plates with X-gal for blue color visualization.
SEU Antibody Preparation
The pCold-SEU-N plasmid was introduced into E. coli stain BL21 (DE3). The His-SEU-N recombinant fusion protein was induced and purified using Ni-nitrilotriacetic acid agarose (Qiagen) following the manufacturer's instructions. The recombinant protein was used to raise polyclonal antibodies in rabbits.
Chromatin Immunoprecipitation Assay
ChIP experiments were carried out as previously described (Zhang et al., 2017) . After chromatin isolation, the samples were incubated with anti-GFP (TransGen) or anti-H3K4me3 (Millipore) antibodies (10003 dilution). After precipitation, the DNA fragments corresponding to IAA19, YUC8, and UBQ10 were amplified by quantitative PCR with SYBR Premix ExTaq Mix and the primer pairs listed in Supplemental Table 1 . Relative enrichment was normalized to the respective input DNA samples (1003 dilution).
Immunoblotting
Total proteins were extracted with extraction buffer (50 mM TrisHCl [pH 7.5], 150 mM NaCl, 10 mM MgCl 2 , 0.1% Tween 20, 1 mM PMSF, and 13 complete protease inhibitor cocktail [Roche]), and the protein concentration was determined using Bradford Assay Reagent (BioRad) and a UV spectrophotometer (OD 595 ). The protein samples were boiled in SDS loading buffer at 95 C for 5 min and fractionated on 8% SDS-PAGE gels. The proteins were transferred to polyvinylidene fluoride membranes using the semi-dry method and immunoblotted with anti-SEU and anti-TUB primary antibodies (produced in the laboratory) and subsequently with horseradish peroxidase-conjugated secondary antibody (Abcam). The signals were captured with a Chemiluminescence Imaging System (Biostep).
Pull-Down and Co-immunoprecipitation Assays
Expression of the MBP-FLAG-SEU recombinant fusion proteins in the E. coli BL21 (DE3) strain was induced by isopropyl b-D-1-thiogalactopyranoside. The 35S:GFP, 35S:PIF4-GFP, and 35S:SEUnLUC plasmids were separately transformed into A. tumefaciens strain GV3101. For semi-in vitro pull-down assays, 35S:GFP and 35S:PIF4-GFP were separately expressed in N. benthamiana as previously described (Liu et al., 2010 For semi-in vitro pull-down assays, the supernatant was incubated with 2 mg of MBP-FLAG-SEU fusion proteins for 2 h. Twenty-five microliters of anti-GFPmAb-agarose (MBL, D153-8) was added into the protein mixture, and the sample was gently rotated at 4 C for 1 h. The beads were washed four times with protein extraction buffer. Precipitated proteins were eluted by heating the beads at 70 C for 5 min in 10 ml of 103 SDS-PAGE loading buffer and analyzed by immunoblotting with anti-GFP (TransGen), anti-FLAG, or anti-SEU antibodies.
Transient Luciferase Activity Assay
For the SEU transcriptional activity assay, combinations of the effector construct, GAL4p:LUC reporter plasmid, and 35S:GUS internal control were simultaneously transformed into Arabidopsis protoplasts and incubated in darkness for 16 h. After cell lysis, 5 ml of protein extract was mixed with 15 ml of LUC Assay Substrate (Promega), and LUC activity was determined with a Modular Luminescence Kit (Promega). Five microliters of extract was incubated with 45 ml of GUS assay buffer (50 mM sodium phosphate [pH 7.0], 1 mM 4-methylumbelliferyl b-D-glucuronide, 10 mM EDTA, 10 mM b-mercaptoethanol, 0.1% sarkosyl, 0.1% Triton X-100) at 37 C for 15 min, and the reaction was stopped by the addition of 950 ml of 0.2 M Na 2 CO 3 . 4-methylumbelliferone fluorescence was measured using a UV Fluorescence Optical Kit (Promega). Relative LUC activity is expressed as the ratio of LUC/GUS.
GUS Staining
The SEUp:GUS and DR5:GUS transgenic plants were incubated in the solution from the GUS Histochemical Kit (Real-Times) at 37 C for 6 h following the manufacturer's instructions. The seedlings were washed with 70% ethanol to dissolve the chlorophyll, and GUS staining was examined and photographed under a dissecting microscope (Olympus).
GFP Fluorescence
The fluorescence of SEUp:SEU-GFP transgenic plants was visualized under a TCS SP5 confocal microscope (Leica). All images were captured using the same settings.
IAA Content Determination
Col and seu-6 seedlings were grown under continuous red light for 5 days and frozen in liquid nitrogen. IAA was extracted and measured as described by Muller et al. (2002) .
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